changes with compression in celsian are the deformation in the Ba polyhedra and the variation in the T-O-T angles.
Introduction
Barium feldspar, celsian (formula: BaAl 2 Si 2 O 8 , symbol: Cls, space group: I2/c), belongs to the alkaline-earth feldspar with Al:Si ratio equal to 1:1 and contains the heaviest cation normally found in feldspars. Newnham and Megaw (1960) determined the structure at room condition of a celsian from Broken Hill, Australia, containing an appreciable amount of K (Cls~8 4 Or~1 8 ), using Fourier difference maps and least squares methods. The authors observed that the Al, Si distribution among the tetrahedral sites is partially ordered ("each predominantly aluminum tetrahedron is surrounded by four predominantly silicon tetrahedra, and vice versa") and that the Ba atom influences the surrounding silicate framework. Ba atom is ninefold coordinated, with an irregular configuration very similar to that of K in sanidine or microcline, but the Ba-O distances are nearly all shorter, particularly for oxygens O A (2) and O B . Moreover, the Ba atom has a marked anisotropic temperature factor with the shortest axis of the vibration ellipsoid close to a*. The structure refinement conducted by Griffen and Ribbe (1976) in nearly pure celsian (Cls 95 Or 5 ) from Jakobsberg, Sweden, confirms the results of Newnham and Megaw (1960) "particularly with regard to the tetrahedral O···O distances, O-T-O angles, and mean T-O and Ba, K-O bond lengths," despite the difference in chemical composition.
The aim of the present work is to investigate the highpressure behavior of celsian and to detail the possible presence of phase transitions, in order to contribute to the Abstract In situ high-pressure X-ray diffraction study was performed on celsian (Cls 97 Or 3 ) from Jakobsberg, Sweden. A single crystal of celsian was loaded in an ETH-type diamond anvil cell, and unit-cell parameters were measured at 20 different pressures up to 6.0 GPa at room T. The evolution of the unit-cell parameters and volume as a function of pressure shows a discontinuity at P ~ 5.7 GPa indicating a displacive first-order phase transition. The P-V data were fitted by a second-order Birch-Murnaghan EoS only up to 2.55 GPa, because at higher pressures a slight change in the compressional behavior of the unit-cell volume is observed, indicating a pre-transition volume softening. The resulting EoS coefficients are V 0 = 1461.4(1) Å 3 and K T0 = 88.1(6) GPa. A second crystal of celsian was loaded in the DAC cell, and single-crystal in situ HP X-ray diffraction was performed at P = 0.0001, 2.1, 4.2, 5.5, 5.9, 6.5 and 7.8 GPa. The data collections between 0 and 5.5 GPa show only a-and b-type reflections confirming the I2/c space group. The appearance of c and d-type reflections at 5.9, 6.5 and 7.8 GPa, the analysis of the systematic absence and the structural refinements define the HP phase transition as an I2/c-P2 1 /c transition. The most significant Electronic supplementary material The online version of this article (doi:10.1007/s00269-016-0847-0) contains supplementary material, which is available to authorized users.
knowledge of structural evolution of feldspars at HP. Recent study performed on natural and synthetic feldspars reveals several complexities at high pressures as "elastic softening and completely new symmetries and sequences of phase transformations" (Nestola et al. 2008) . While in the alkali feldspars (AlSi 3 feldspars) investigated at HP no phase transitions were observed (Downs et al. 1994; Allan and Angel 1997; Nestola et al. 2008; Curetti et al. 2011) , in Al 2 Si 2 feldspars several pressure-induced phase transitions have been found. The Val Pasmeda anorthite (macroscopic order parameter Q od = 0.92) shows a reversible first-order P 1 -I 1 phase transition between 2.6 and 2.7 GPa Angel 1988 Angel , 1992 . With increasing disorder (Q od = 0.78), the transition becomes continuous in character and there is an increase in the pressure of the transition (P T = 4.8 GPa) (Angel 1992 Nestola et al. (2004) and Benna et al. (2007) observed at P ~ 4.3 GPa a first-order I 1 -I2/c transformation, and a further transition at P ~ 7.3 GPa, strongly first order, to the P2 1 /c space group, never observed in feldspars until then. Recently, Pandolfo et al. (2011) found in synthetic strontium feldspar (SrAl-2 Si 2 O 8 ) the same first-order I2/c to P2 1 /c transition at P = 6.6 GPa. Curetti et al. (2015) observe the I2/c-P2 1 /c transition in synthetic lead feldspar (PbAl 2 Si 2 O 8 ) at P ~ 8 GPa. (Miletich et al. 2000) . A foil of T301 steel 250 μm thick was used as a gasket to hold the crystal, and it was pre-indented to 110 μm before drilling a hole by spark erosion (∅ 250 μm). A 16:3:1 mixture of methanol:ethanol:water was used as hydrostatic pressuretransmitting medium. The internal pressure and the uncertainty on P were calculated by using a crystal of quartz as standard internal (using 12 reflections) . The unit-cell parameters were determined at room T in the P range 0.0001-6.0 GPa from the setting angles of 27 reflections centered in eight positions (King and Finger 1979; Angel et al. 2000) , using a Siemens P4 four-circle X-ray diffractometer equipped with point detector (MoKα radiation; Department of Earth Sciences, University of Torino) and with the SINGLE Control Program software (Angel and Finger 2011) . The unit-cell parameters were measured at overall 20 different pressures and are reported in Table 1 . Another crystal of celsian of the same locality was selected (size 110 × 90 × 50 μm 3 ) for single-crystal structure determinations at high pressure. A preliminary characterization at room conditions was performed using a Siemens P4 four-circle X-ray diffractometer, equipped with point detector, graphite-monochromatized MoKα radiation, θ-2θ scan mode, variable scanning speed (2.4-30°/min). An empirical absorption correction, based on the ψ-scan method (North et al. 1968) , was used. A total of 4632 reflections were measured, of with 2141 unique. The data collection shows only a (h + k = even, l = even) and b-type (h + k = odd, l = odd) reflections, confirming the I2/c space group as in Newnham and Megaw (1960) . Unit-cell parameters at room conditions are a = 8.630(1), b = 13.043(2), c = 14.403(2) Å, β = 115.19(1)°, V = 1467(1) Å 3 . The structural data were refined starting from the fractional coordinates of Griffen and Ribbe (1976) and using the neutral atomic scattering factor of the Ba, Si, Al and O. Structural details were refined using SHELX-97 package (Sheldrick 2008) . The anisotropic refinement of 120 parameters converges at R = 3.25 % for 1353 reflections with Fo ≥ 4σ(Fo) and R = 5.63 % for all 2141 data. With F o ≥ 1σ(F o ), the number of a and b reflections observed is 1109 and 1032, respectively. The Q od parameter, calculated from 〈T-O〉 bond lengths following Angel et al. (1990) , is 0.86 and indicates an order degree higher than that obtained by previous authors. Afterward the room T characterization, the sample was loaded in the DAC cell in order to investigate the structural changes with increasing pressure. The internal pressure was checked with Horiba-Jomin Micro-Raman spectrometer (Scansetti Interdepartmental Centre, University of Torino) by the shift of the fluorescence lines of five rubies (Ø 15 μm) as standard internal (Mao et al. 1986 ). Singlecrystal diffraction intensities were collected with a Gemini R Ultra X-ray diffractometer equipped with a Ruby CCD detector, using monochromatic MoKα radiation and the tube operating at 50 kV and 40 mA (CrisDi Interdepartmental Center, University of Torino) at P = 0.0001, 2.1, 4.2, 5.5, 5.9, 6.5 and 7.8 GPa. A total of 16 runs with 1783 frames were collected (frame width 0.2°, exposure time 50 s, sample-detector distance 82 mm), covering the whole accessible reciprocal space. The 171.37.35 version of CrysAlisPro software (Agilent Technologies) was used to integrate the intensity data and for analytical absorption and Lorentz-polarization correction. Integrated intensities were corrected for the absorption of the DAC cell and for the gasket shadow using ABSORB-7 software (Angel and Gonzalez-Platas 2013) . Unit-cell parameters at room conditions are a = 8.628(9), b = 13.0380(10), c = 14.44(2) Å, β = 115.1(2)°, V = 1471(4) Å 3 (Table 2 ). Structural details were refined using SHELX-97 package (Sheldrick 2008) . The measurements at room pressure and at P = 2.1, 4.2, 5.5 GPa showed only a-and b-type reflections confirming the I2/c space group. At P = 5.9, 6.5 and 7.8 GPa, the data collection also showed the presence of c (h + k = even, l = odd) and d-type reflections (h + k = odd, l = even) indicating a primitive lattice. Only reflections h0l, 00l and 0k0 with l and k even were observed, indicating the presence of a screw axis along the b direction. Therefore, the analysis of the systematic absences confirms the P2 1 /c symmetry at P = 5.9, 6.5 and 7.8 GPa. In the P2 1 /c refinements, all the atoms of I2/c symmetry were splitted in two non-equivalent sites taking into account the change of origin by ¼, ¼, ¼ in the P2 1 /c space group. For all the refinements, anisotropic displacement parameters were introduced only for extra-framework Ba cations. Unit-cell parameters and refinements details at different pressures are reported in Table 2 . Fractional atomic coordinates and displacement parameters are listed in Tables 3 (I2/c 
Experimental methods
P (GPa) a (Å) b (Å) c (Å) β (°) V (Å 3 ) 0Refl. c F o ≥ 1σ(F o ) - - - - 244 289 256 Refl. d F o ≥ 1σ(F o ) - - - - 280 333 281 Refl. F 0 ≥ 4σ(F 0 ) 471
Results and discussion

Elastic behavior and equation of state
The unit-cell parameters of celsian up to P = 6 GPa are reported in Table 1 , and the evolutions of the unit-cell parameters and volume with pressure are shown in Figs. 1 and 2, respectively. A discontinuity is visible at ~5.7 GPa, indicating a first-order phase transition. The discontinuous character of the transition is especially noticeable in the b and β plots.
In the P range 0.0001-5.59 GPa, the a, b and c linear parameters decrease with increasing pressure (Fig. 1 ) and show a negative axial variation by 3.2, 1.8 and 2.2 %, respectively. The axial compressibilities, calculated with Table 5 , in order to compare them with the linear compressibilities of the other monoclinic Al 2 Si 2 feldspars investigated at HP. In celsian, the axial compressibilities (βa = 5.65, βb = 3.14, βc = 4.02 × 10
) show the typical trend previously observed in feldspars: βa > βc > βb , with the a axis as the most compressible. The axial anisotropy (Δa/a 0 :Δb/b 0 :Δc/c 0 = 1.8:1:1.3) is quite similar to that of lead feldspar, and it is higher than monoclinic I2/c An 20 SrFsp 80 feldspar and SrFsp 100 feldspar, but lower than that observed in overall alkali feldspars studied at HP (Nestola et al. 2008) . Closer inspection of the variation of the unit-cell parameters of celsian with pressure is done using the normalized plots (Fig. 3) . The figure indicates that the linear parameters show normal compressional behavior up to 2.55 GPa (gray symbols in Fig. 3) , with the a axis significantly softer than the b or c axes, but at higher pressures all the axes appear to become relatively softer. Therefore, the compressibilities of unit-cell axes were determined by fitting a second-order Birch-Murnaghan Equation of State (BM2-EoS) to a, b and c parameters (solid lines in Fig. 3 ) only up to 2.55 GPa, using the EosFit7c/EosFit7-GUI softwares (Angel et al. 2014) . The coefficients obtained are: a 0 = 8.6153(4) Å, 1/3 M 0 = 65.7(4) GPa; b 0 = 13.0301(7) Å, 1/3 M 0 = 115.5(1.6) GPa; c 0 = 14.3781(10) Å, 1/3 M 0 = 94.9(1.4) GPa (with
, Angel et al. 2014 ). The anomalous compressional pattern, at P higher than 2.55 GPa, indicates a pretransition elastic softening, typically associated with firstorder transitions (Miletich et al. 2014) .
As regards the β angle evolution with pressure, in celsian it does not change up to 3 GPa (Fig. 1) and then slightly decreases. In the other Al 2 Si 2 feldspars, the β angle decreases with pressure Tribaudino et al. 1999; Benna et al. 2007; Pandolfo et al. 2011; Curetti et al. 2015) while it increases in alkali feldspars with a plateau effect Nestola et al. 2008) .
In order to compare celsian with the other monoclinic feldspars compressed at HP, the strain induced by increasing pressure has been evaluated from the unit-cell (Table 5 ). In celsian, the main axis ε 1 is only slightly more compressible than the others (46 % of the total strain) and, as in lead feldspar, the minor axis ε 3 is parallel to b and the highest deformation occurs on the (010) plane, where ε 1 and ε 2 axes lie. In the plane, the main axis ε 1 is oriented along a direction close to a. A comparison with the other feldspars studied at HP shows that in anorthite the maximum compression occurs close to the 001 plane with 70 % of the total strain along ε 1 axis (Angel 1994 ) and in alkali feldspars some 55-65 % of the volume compression is accommodated by the linear compression close to a*, which is then the direction of greatest compressibility (Angel et al. , 2012 Angel 1994; Allan and Angel 1997; Nestola et al. 2008; Curetti et al. 2011) .
As seen in the linear parameters behavior, also in the evolution of the unit-cell volume with pressure a slight change in the compressional behavior is observed for P > 2.55 GPa (Fig. 2) . Consequently, the P-V data were fitted by a BM2-EoS only up to 2.55 GPa (solid line in figure ) with the resulting EoS coefficients: V 0 = 1461.4(1) Å 3 and K T0 = 88.1 (6) GPa. An attempt to fit the P-V data to a BM3-EoS or some other EoS did not provide any good ), magnitudes (×−10
) and orientations of the principal axes of the strain ellipsoids for monoclinic I2/c feldspars in the P range 0.0001-8 GPa
The compressibilities were calculated as , Angel et al. 2014) . Open circles: normalized parameters in the P range 2.79-5.59 GPa. Experimental uncertainties are smaller than symbols Fig. 4 Evolution of the normalized pressure F E versus Eulerian finite strain f E in celsian. (Angel 2000) . The horizontal line of constant F E indicates that the P-V data (gray circles, P range 0.0001-2.55 GPa) could be fitted by a second-order truncation of the BMEoS. Open circles: P-V data in the P range 2.79-5.59 GPa results. When our P-V data are reformulated as a normalized pressure-finite strain plot (F E -f E plot, Angel 2000) , the values in the P range 0.0001-2.55 GPa lie on a horizontal line of constant F E (indicating K′ = 4) (Fig. 4) , confirming that the data are adequately described by a BM2-EoS. Fitting the P-V data to a BM2-EoS in the P range 2.79-5.59 GPa gives a lower bulk modulus, 55.8(12) GPa, confirming the anomalous behavior of the volume values, that deflect from the BM2 curve for P > 2.55 GPa, indicating a pre-transition volume softening, precursor of the HP first-order phase transition at ~5.7 GPa. Using the facilities for the direct fitting of continuous phase transitions (Simplified Landau Model) of the 7.33/2016 version of EosFit7c software (Gonzalez-Platas et al. 2016) , we have fitted the pre-transition elastic softening, obtaining the coefficients: a H = −6.0(2) and β H = 0.98(5), where a H is the scaling parameters for the spontaneous strain arising from the HP phase transition and β H is the exponents of the power-law term. The value of a H , significantly different from zero, supports the pre-transition softening. As just seen, in celsian the volume softening occurs at P > 2.55 GPa, while in strontium feldspar it was observed at P > 3.67 GPa (Pandolfo et al. 2011 ) and in lead feldspar at P > 4.27 GPa (Curetti et al. 2015) . Probably, the softening takes place in celsian at lower pressures than in strontium and lead feldspars because the pressure of the first-order transition is lower. The volume bulk modulus of celsian, 88.1(6) GPa, is similar to that of strontium feldspar (90 GPa), but higher than that of lead feldspar (76 GPa), and meaningfully higher than those reported for alkali feldspars (all on the range 50-60 GPa, Angel 1994).
The I2/c-P2 1 /c phase transition As seen before, at P > 5.59 GPa there is a discontinuity in the evolution of the unit-cell parameters ( Fig. 1; Table 1 ), especially in the behavior of the b and β parameters, both decreasing very significantly. The discontinuity is also seen in the unit-cell volume versus pressure plot (Fig. 2) . A similar discontinuity was observed in An 20 SrFsp 80 feldspar at P ~ 7.3 GPa (Nestola et al. 2004) , in strontium feldspar at P ~ 6.6 GPa (Pandolfo et al. 2011 ) and in lead feldspar at P ~ 8 GPa (Curetti et al. 2015) , indicating the occurrence of a phase transition strongly first order in character. The discontinuities observed in celsian indicate the occurrence of an analogous first-order phase transition between 5.6 and 5.9 GPa. The appearance of c-and d-type reflections in the data collection at P = 5.9 GPa, the analysis of the systematic absence and the structural refinements at 5.9, 6.5 and 7.8 GPa (Table 2) feldspar (Benna et al. 2007 ) and P2 1 /c lead feldspar (Curetti et al. 2015) .
Structural modifications
Structural results show that in the P range 0.0001-5.5 GPa the increase in pressure causes in I2/c celsian only minor modifications mainly involving shortening of the average 〈Ba-O〉 distances (Table 6 ) and variation in the T-O-T bond angles (Table 7 ). The coordination of Ba remains ninefold as in Newnham and Megaw (1960) . The distances which decrease more are Ba-O C , Ba-O D and Ba-O A (2). In particular, the O C (0) oxygen that was the farthest at room pressure gradually approaches the Ba atom with increasing pressure (Table 6 ). Besides the Ba-O A (2) distance, also the Ba-Ba distance along a* decreases significantly with pressure (Fig. 5a, b) and accounts for the overall decrease in the O A (2)-Ba-Ba-O A (2) distance, the "strut" of Megaw (1970) . While the average 〈T-O-T〉 angle shows no change with increasing pressure, individual T-O-T angles show a variation, with some increasing and some decreasing, as typical for feldspars at HP, responding to pressure by tilting of essentially rigid tetrahedral (Angel 1994; Ross 2000; Angel et al. 2012 . In celsian, the T 1 (0)-O C (0)-T 2 (0) angle (the "hinge" of the crankshaft chains closing up in all feldspars according to Angel et al. 2005) , significantly decreases to 122° at P = 5.5 GPa, while the T-O D -T angles increase (Table 7) . On the contrary, the T-O bond lengths and O-T-O angles do not change significantly.
The I2/c-P2 1 /c transition at ~5.7 GPa involves a reduction in the symmetry with the loss of the twofold rotation axes and of one-half of the centers of symmetry. In the P lattice, the numbers of independent atomic sites are doubled and pairs of atoms related by the pseudo-body centering (a + b + c)/2 vector are present. Therefore, at P = 5.9 GPa (Fig. 5c, d ) the single Ba-site that was present in I2/c space group is doubled in two independent Ba(0)-and Ba(i)-sites, which are no longer correlated by the center of symmetry. The configurations of the two independent Basites show different shape, with changes in the coordination environment. In Ba(0)-polyhedron, the larger variation concerns the two O C oxygen that are very close to Ba atom (Table 6) In Fig. 6 , the M-M distances along a* direction are plotted versus pressure in different Al 2 Si 2 feldspars for comparison. Figure 6a shows that in celsian the Ba-Ba distance along a* reaches the minimum value of 4.3 Å at P = 5.5 GPa in the I2/c configuration and after the transition stops to decrease and remains constant. Differently from what occurs in celsian, after the I2/c-P2 1 /c transition, the M-M distances along the "strut" in lead feldspar (Fig. 6b) and in An 20 SrFsp 80 feldspar (Fig. 6c) significantly increase. In the two feldspars, the M-M distance along the "strut" reaches the maximum compression compatible within the I2/c symmetry with values (~3.9 Å) lower than that of the celsian, probably because of the smaller size of Ca, Sr and Pb cations with respect to Ba. Then, the transition to P2 1 /c allows in both the two feldspars a relaxation of the M-M distances while in celsian the Ba-Ba distance along a* is already large enough and no longer needs to increase.
In Fig. 7 , the non-equivalent four-membered rings of tetrahedra, approximately normal to a direction, are projected on the (1 0 2) plane in the I2/c and P2 1 /c structures, respectively, at P = 5.5 GPa and at P = 5.9 GPa. In the I2/c configuration (Fig. 7a) , there are two quite regular unique rings around the symmetry centers. The T 1 (0)-O C (0)-T 2 (0) and T 1 (z)-O C (z)-T 2 (z) are the smaller angles (Table 7) . After the transition, in the P2 1 /c configuration (Fig. 7b) , the higher flexing of the tetrahedral framework due to the increase in pressure causes greater differences between the four unique rings around the symmetry centers. The most distorted ring is the T 1 (0i)-T 2 (00), in which the T 1 (0i)-O C (0i)-T 2 (00) angle is reduced to 114° (115° is often considered an extreme limit for Al-O-Si or Si-O-Si bonds, Benusa et al. 2005) . The small value of this angle in celsian at HP is probably related to the remarkable modifications concerning O C oxygens, as previously seen. An even more strong variation in the T-O C -T angles was observed in An 20 SrFsp 80 feldspar by Benna et al. (2007) , with the extremely small value of 104°. The I2/c-P2 1 /c transition induces, besides the significant changes in the T-O-T bond angles, also a slight deformation of the internal O-T-O angles within the tetrahedra. The most deformed tetrahedra are the T 2 (00) and T 1 (zi) (Fig. 7b) 
Conclusion
As it is known, Al 2 Si 2 feldspars (i.e., alkaline-earth and lead feldspars) show different symmetries with changes of pressure or composition: The P 1 , I 1 and I2/c space groups are observed at room and at low pressures, while the P2 1 /c phase is stable only at very high pressures. The space group of natural monoclinic barium feldspar (celsian) is I2/c. The present study demonstrates that in celsian too, (Nestola et al. 2004) . Hence, the results obtained in the present work seem to confirm the possible correlation between the pressure of the I2/c-P2 1 /c transition and the size of the cation in the M-site in alkaline-earth feldspars (Curetti et al. 2015) . Fig. 6 Variation of the M-M distances along a* with pressure (a) celsian: the I2/c-P2 1 /c transition is at P ~ 5.7 GPa. b Lead feldspar: The I2/c-P2 1 /c transition is at ~8 GPa (Curetti et al. 2015) . c An 20 SrFsp 80 feldspar: The I1-I2/c triclinic-monoclinic transition is at ~4.3 GPa and the I2/c-P2 1 /c transition is at ~7.3 GPa (Benna et al. 2007) . Experimental uncertainties are smaller than symbols 
